The Cerenkov radiation of a neutral particle with magnetic moment is considered, as well as the spin-dependent contribution to the Cerenkov radiation of a charged spinning particle. The corresponding radiation intensity is obtained for an arbitrary value of spin and for an arbitrary spin orientation with respect to velocity.
PACS numbers: 01.55.+b General physics, 41.60.Bq Cherenkov radiation 1. The problem of Cerenkov radiation of a neutral particle with magnetic moment, moving in a medium with the refraction index n with velocity v > c/n, was considered previously in Refs. [1] [2] [3] [4] [5] [6] . The magnetic dipole was modeled therein classically, either by a loop with current, or by a pair of magnetic monopole -antimonopole. Thus obtained results are rather model-dependent, and the conclusion made in Ref. [6] is that the situation with the problem of Cerenkov radiation by a magnetic moment is not exactly clear.
In the present work the problem is addressed as follows. A spinning particle, charged or neutral, with magnetic moment is treated as a point-like one, i.e. it is described by a welllocalized wave packet. As to the spin s, it has an arbitrary half-integer or integer value, starting with s = 1/2. In particular, in the limit s ≫ 1 we arrive at the classical internal angular momentum and classical magnetic moment. The result obtained below for a neutral particle with magnetic moment differs considerably from all previous ones. As to the spindependent contribution to the Cerenkov radiation of a charged particle, I am not aware of any previous results for it.
Certainly, the effects analyzed here are tiny, too small perhaps to be observed experimentally. Hopefully however, their investigation is of some theoretical interest.
2.
We start with the electric and magnetic fields created by a point-like neutral particle with magnetic moment e s g/(2m) = (es g/(2m)) σ; here and below g is the g-factor, and σ = s/s. Of course, for s = 1/2, vector σ consists of the common spin σ-matrices, and in the classical limit s ≫ 1, σ is just a unit vector directed along s. In the particle rest frame, the four-dimensional current density is
In the laboratory frame, we are working in, this Lorentz-transformed current looks formally as follows:
(we put throughout c = 1). Now, we have to go over in j (rf ) from the rest-frame coordinates r (rf ) to the laboratory ones:
Under this Lorentz transformation,
Besides this overall factor 1/γ, the components of gradient transform obviously as follows:
As to the spin operators σ (rf ) , also entering j (rf ) , their transformation law is the same as that for j (rf ) itself:
Thus, in the laboratory frame the four-dimensional current density, created by the magnetic moment (esg/(2m)) σ, is
We note that this 4-current density, as well as the initial rest-frame one (1) , is orthogonal to the 4-velocity u α : u α j α = 0 . This is an extra check of the above transformations. Let us note also that the current density (2) can be conveniently rewritten as the sum of two four-currents, each of them being conserved by itself:
We are interested in the back-reaction of the field created by the current (2) upon the spin of the particle. This interaction is
where both field strengths, H and E, are taken at the point of spin location r = vt. This is the usual interaction of the magnetic moment of a relativistic neutral particle with an external electromagnetic field. In fact, we have omitted in the final expression a term proportional to the total derivative of the vector potential, dA/dt = ∂A/∂t + (v∇)A, since a total time derivative in interaction does not result at all in observable effects. Moreover, in the present case the vector potential A, together with the current creating it, depends on the combination r − vt only, so that this total derivative vanishes identically.
This line of reasoning is generalized easily for the case of a charged particle. To this end one has to supplement the spin current (2) with the following, also conserved, contribution:
In its turn, this current generates one more contribution to the spin interaction with electromagnetic field:
which describes the well-known Thomas precession. In this expression we have omitted as well, and by the same reasons, a term proportional to the total derivative dA/dt = ∂A/∂t + (v∇)A. Finally, from now on, we will work with the following total interaction
and the total spin current
Hamiltonian (8) not only generates the spin precession, including of course the Thomas effect. It produces as well the relativistic Stern-Gerlach force
Obviously, this force results in the energy loss and therefore is antiparallel to the velocity v of the spinning particle. Thus, the energy loss per unit time, or the (positive) radiation intensity, is
Let us note here that the field strengths H, E, being created by the current density j α (r, t), depend themselves on the non-commuting operators σ. Therefore, to guarantee that expression (11) is hermitian, one should, strictly speaking, properly symmetrize the products of σ-operators therein. In fact, however, the final result (see (21) below) proves to be hermitian automatically, without extra efforts.
3. The derivation in this section, resulting in general expression (21) (see below) for the spectral intensity, follows essentially that applied in Ref. [7] to the problem of the common Cerenkov radiation.
We will calculate the radiation intensity by going over to the Fourier transforms H k and E k of the field strengths, defined as follows:
For our purpose, the wave vectors k are conveniently decomposed into the components parallel to the velocity v and orthogonal to it: k = q + n ω/v, ω = kv, (qv) = 0. Then, at the position of the point-like source we have
where φ k and A k are the Fourier transforms of the electromagnetic scalar and vector potentials. In the generalized Lorenz gauge divA + ∂εφ ∂t = 0 , the wave equations for potentials arê
Here the "dielectric constant"ε should be understood as an operator; we use below its Fouriertransform ε(ω). As to the permeability µ(ω), for the frequencies of interest to us, it can be put equal to unity. Now, for the Fourier transforms of the potentials we obtain
After substituting (16) and (17) into (12) and (13), we note that
We note also that Then the integral over q 2 is conveniently combined with all explicit dependence on ω into the following overall factor for the spectral intensity:
